A creative hydrothermal synthesis method followed by calcination for vanadium nitride (VN) is reported. The oxygen reduction reaction (ORR) study of the catalyst shows that VN possesses a comparable catalytic performance to commercial Pt/C catalyst. The ORR catalytic activity study of vanadium nitride, vanadium carbonitride, and vanadium carbide reveals that tuning anions offers a promising route for the activity enhancement of the non-precious metal catalysts.
the development of anion exchange electrolyte membranes that can operate in alkaline environments promotes the advancement of non-precious metal catalysts for anodes. Chen et al. reviewed the development of non-precious metal-based electrocatalysts for PEM fuel cells 3 and they concluded that nonprecious metal oxides, carbides, nitrides, oxynitrides, and carbonitrides are promising low-cost electrocatalysts for fuel cells. Carbon-supported transition metal/nitrogen (M-N x /C) materials (M ¼ Ti, Co, Fe, Ni, Mn, etc., and normally x ¼ 2 or 4) have gained increasing attention due to their low cost and promising catalytic activity towards ORR. [10] [11] [12] The transitional metal carbides and nitrides are abundant in sources and have fairly good activity for oxygen reduction. For instance, tungsten carbide 13, 14 and vanadium carbide 15 catalysts were shown to have good ORR catalytic activity. In addition, bimetallic carbides demonstrate good synergistic effect with Pt on catalysis towards ORR activities. Co and Mo bimetallic carbidesupported Pt shows superior ORR activity to commercial Pt/C catalysts. 16 The coexistence of Co and Mo modies the electronic structure of the composite, which promotes the catalytic activity of Pt towards ORR. Furthermore, the ORR catalytic performance of carbides could be greatly enhanced by nitrogen doping. Nitrogen-enriched core-shell structured Fe/Fe 3 C-C nanorods show advanced electrocatalytic performance towards ORR. 17 The synergistic effects from the intrinsic 1D core-shell architecture of Fe/Fe 3 C and positive interactions between conductive carbon shells and Fe 3 C core are believed to be responsible for its superior catalytic properties.
Although light transition metal-based carbides, e.g., WC, Fe 3 C, and CoC, as ORR catalysts have been reported, 18 the ORR catalytic performance of vanadium-based nitride, carbonitride, and carbide was scarcely reported despite the carbon-thermal synthesis has been reported. [19] [20] [21] [22] On the other hand, the effects of anions, i.e., C and N, on the catalytic performance of vanadium based catalysts towards ORR have not been systematically studied. In this study, vanadium nitride (VN) was synthesized using a simple hydrothermal method through hydrolysis of VCl 3 in an ammonia solution followed by calcination. To the best of our knowledge, this is the rst report on using hydrothermal methods to prepare VN. The hydrothermal synthesis method facilitates the particle size controlling, structure tailoring, and avoiding the adoption of high temperature and pressure. To investigate the inuence of anions on the catalytic performance of vanadium-based catalysts, vanadium carbide (VC) and carbonitride (V(C, N)) are also synthesized through the reduction of graphene-supported V 2 O 3 , which had been precipitated on graphene, under hydrogen and ammonia atmospheres, respectively. Graphene serves as both a carbon source and a support for VC and V(C, N) nanoparticles. The effects of carbon and nitrogen anions on the catalytic performance of vanadium based catalysts for ORR are systematically investigated. Results suggest that the catalytic performance for ORR of vanadium based catalysts is approach to that of commercial Pt/C. The ORR onset potential and exchange current density of VN, V(C, N), and VC are enhanced with increasing nitrogen content. This study suggests a new methodology for modulating the ORR performance of non-precious transition metal-based catalysts through controlling the anion constituent in the catalysts.
Based on XRD data (Fig. 1a) , it is easily indexed that the corresponding Joint Committee on Powder Diffraction Standards (JCPDS) number of both VC and V(C, N) are 73-0476. And the corresponding JCPDS number of VN is 35-0768. According to the JCPDS cards, it is easily indexed that all samples have a face-centered cubic (FCC) structure. The crystal cell parameters a were calculated by the Jade soware as 0.4114, 0.4156, and 0.4161 nm for VN, V(C, N), and VC, respectively. The crystal cell parameters slightly increase with the decrease of nitrogen content. This can be attributed to the radius of nitrogen anion being smaller than that of the carbon anion. Partial substitution of nitrogen with carbon resulted in an enlargement of crystal cell. 23 XRD patterns of VC and V(C, N) also indicate that the reduced graphene oxide (RGO) corresponding to 2 theta (26 ) exists in the VC and V(C, N), which comes from the precursor GO. The (002) plane of graphite was also found in other metal carbide/graphene-based catalysts with graphene as the catalyst support. 24 Raman spectra of VN, V(C, N), and VC (Fig. 1b) This means that the doping of nitrogen reduces the structural defects, which is due to the reduction of GO in ammonia atmosphere during the nitrogen doping. Fig. 1d , f and h are the corresponding selected area electron diffraction (SAED) patterns, which match well with the HRTEM images and conrm that the VN, V(C, N), and VC nanocrystals have good crystalline structures. It is found that the lattice spacing of VN nanocrystals is around 0.234 nm, which matches the lattice spacing of FCC VC (111), while the lattice spacings of V(C, N) and VC nanocrystals are 0.317 and 0.2495 nm that matches well with (110) facet of V(C, N) and (111) facet of VC, respectively. The difference in the observed crystal facets could be attributed to the coexistence of carbon and nitrogen. The reduction of graphene supported V 2 O 3 under the ammonia atmosphere promoted the formation of (110) crystalline facet on the particle surface.
To investigate the ORR characteristics of VN, V(C, N), and VC, we performed cyclic voltammogram (CV) measurements in a 1 M KOH solution with argon and oxygen saturated solution, respectively, at a sweep rate of 0.05 V s À1 . Fig. 2a -c illustrate that VN, V(C, N), and VC have good catalytic activity for ORR. The ORR onset potential, peak potential, and peak current of VN, V(C, N), and VC are shown in Fig. 2d . It is clearly shown that both the ORR onset potential and the peak potential increase with the increasing nitrogen content, which means that the ORR activities of the vanadium-based composites are enhanced by the increasing nitrogen content. Researches on Fe/Fe 3 C also observed similar phenomenon and the dramatically increased ORR activities are attributed to a large surface area of N-doped ketjenblack and melamine carbon foam. 26 Recent reports on carbon nanotube-graphene also attribute the improvement of ORR catalytic activity to the extremely small amount of doped nitrogen impurities.
3 As illustrated in Fig. 2a , VN exhibits a pronounced ORR peak potential at À0.2 V at the scanning rate of 0.01 V s À1 . For comparison, the linear sweep voltammogram (LSV) of Pt/C catalyst (commercial 10 wt% platinum on Vulcan XC-72, Fuel Cell Store) was measured. The onset potential of Pt/ C catalyst is about À0.04 V while VN shows a close onset potential to that of Pt/C catalyst (À0.14 V). Fig. 2e illustrates the LSV tests of VN, V(C, N), VC, and Pt/C catalysts. It is clearly seen that the peak current of V(C, N) is slightly higher than that of Pt/C. The improvement of the catalytic performance should be attributed to the coexisting carbon and nitrogen anions, which provide more active catalytic sites and form synergistic effect on ORR. For transition metal nitride, the improved ORR catalytic performance is attributed to the synergistic effect between the coexisting nitride and oxide. 27 Similarly, for V(C, N) catalyst, the coexisting carbon and nitrogen cations provide more active sites for synergizing the ORR. Investigations on catalytic characteristics of the hybrid of N-doped graphene supported Co 3 O 4 also demonstrated that ORR catalytic activity is further enhanced by nitrogen-doping. 8 It is believed that the substitution of C by N led to a smaller bandgap of graphene. 28 The electrical conductivity of the materials is inversely proportional to the bandgap and the atomic spin and charge densities determine the capability of catalysts towards ORR. The doped-nitrogen-induced charge delocalization changes the chemisorption mode of O 2 from the usual end-on adsorption (Pauling model) to a side-on adsorption. On the other hand, the electron density of the nitrogen anion in VN is higher than that of the carbon anion in VC and V(C, N), which provides more electrons to oxygen molecules adsorbed on the surface of the catalyst and eventually results in the enhancement of the ORR activity in an alkaline medium. 29 Thus, the parallel diatomic adsorption of O 2 on the surface of the catalyst effectively weakens the O-O bonding and facilitates the ORR. Therefore, the ORR catalytic activity is greatly improved by nitrogen heteroatoms of V(C, N) and is further improved by the thorough substitution of nitrogen for carbon, which explains the highest ORR initial potential of VN among the three catalysts.
The rotating disk electrode (RDE) measurements were performed to investigate the ORR electrochemical kinetics of VN, V(C, N), and VC. The polarization curves were obtained by scanning the potentials at a scan rate of 0.005 V s À1 with different rotation speeds. The expected increase of the limiting diffusion current density in the rotating disc is observed as a function of the rotation rate. The current shows the typical increase with the increasing rotation speed due to the shortened diffusion layers. Analysis of the plateau currents through Koutecky-Levich plots (Fig. 3b, d and f) reveals the reduction of O 2 with different catalysts by different electron process. The electron transfer number in ORR was calculated according to Koutecky-Levich theory:
where j k is the kinetic current and u is the electrode rotating speed. B represents the slope of the curves in Fig. 3b, d and f. N) , and VC is a mixed process. Both the 2-electron and the 4-electron reaction processes exist on the electrode. Based on the calculated electron numbers at different potential, it could be seen that, for each catalyst, the 4-electron reaction between oxygen and water is enhanced with the decrease of ORR potential. Typical 2-electron and 4-electron reactions proceed as follows: 
The increased reaction electron numbers reveal the enhancement of the 4-electron reaction (reaction (3)) with the decreasing reaction potential. This is due to the deceased electron potential promotes the ORR on catalytic surface. Combining with RDE and Tafel results, the dependence of the kinetics parameters on the anion for ORR could be calculated. The plotted polarization curves, as shown in Fig. 2f , E (vs. Ag/AgCl) vs. lg i, are known as "Tafel plots" and are derived from the Tafel equations shown below:
Based on Tafel plots, the Tafel slope, the charge transfer coefficient of the ORR, and the exchange current density are obtained and the results are shown in Table 1 . Table 1 clearly illustrates that the charge transfer coefficient (a) of the reaction decreased and the exchange current density (i 0 ) increased with the increasing nitrogen content in the catalysts despite that V(C, N) shows the highest peak current (i f ) in LSV tests. The i 0 went up with the increase of nitrogen content, which should be originated from the high catalytic performance between vanadium and nitrogen, as supported by the CV tests in Fig. 2 . Previous studies have proved that the ORR catalytic performance of carbon can be improved in alkaline media by doped nitrogen. 23, 31 The catalytic performance of iron-based catalysts are enhanced by the pyridinic nitrogen functionalities in the interstices of graphitic sheets within the micropores.
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The incorporation between FeN 4 and aligned carbon nanotubes also activates ORR.
33 Four nitrogen atoms of FeN 4 provide electrocatalytic site towards ORR. The increased nitrogen content of the carbon support improves both the activity towards ORR and the selectivity towards the reduction of oxygen to OH À (4e À reaction).
34
As the most effective catalyst, the specic surface area of VN is tested by Brunauer-Emmett-Teller (BET) test and the result is provided in ESI, Fig. S4b . † Results show that VN has a specic surface area of 30.6 m 2 g À1 . The stability test of VN is shown in ESI, Fig. S4c , † which reveals that the catalytic performance has little degradation aer 1000 cycles. The slight decrease of initial oxidation potential may result from the oxidation of VN and the decrease of oxygen concentration in the electrolyte. It could be deduced that VN has a good long-term stability. Previous studies showed that Naon was a proton exchanger and was mainly suitable for acidic media. When Naon is used as a binder with the catalyst, there will be a three-phase interface formed between the catalyst, Naon, and the electrolyte. Therefore, if the pH is different between the 'free' aqueous electrolyte and the Naon polymer, there will be a potential drop at each of these interfaces. 35 However, there is no study showing the magnitude of the potential drop and it is unclear if the use of Naon will greatly impact the catalyst performance in an alkaline media. A recent study on alkaline fuel cells showed that Naon could serve as a binder that uptakes water/electrolyte in the alkaline media. 36 This study showed that the use of Naon binder led to superior performance compared with the use of either non-conductive hydrophobic Polytetrauoro-ethylene (PTFE) or anion-conductive hydrophobic Fumion. The better performance of Naon in the alkaline media compared with other commonly used binders can be explained by the fact that Naon is more hydrophilic due to its unique structure of sulfonic acid functional groups self-organizing into arrays of hydrophilic water channels through which small ions can be easily transported. 37 Based on this study and many other published papers, 4, 8, 38 we believe the use of Naon in an alkaline media is not an issue. In addition, Naon has been used as a standard binder for all catalysts in our experiments; therefore, the comparison of the catalyst performance is fair and reasonable. To study the inuence from the counter electrode, graphite electrode was also used as the counter electrode and tested for VN in Ar-and O 2 -saturated electrolyte. The results (ESI, Fig. S5a-d †) clearly show that there is almost no difference in the onset potential and peak potential of the polarization curves with Pt and graphite as the counter electrode. And only slight differences in current density are found at different scan rates. The results suggest that Pt is stable in the electrolyte and the use of Pt as the counter electrode is acceptable. Although the absolute current in ORR will be different with different counter electrodes, the comparison of the ORR performance in the manuscript is fair and reasonable since we used Pt for all the tests.
In conclusion, this study reports the successful synthesis of VN by a simple hydrothermal method under mild conditions. VC and V(C, N) are synthesized by the reduction of graphenesupported V 2 O 3 in hydrogen and ammonia atmospheres, respectively. Electrochemical tests reveal that the ORR catalytic performance of VN, V(C, N), and VC is enhanced by the increasing nitrogen content in the catalysts. VN, which shows an approaching ORR onset potential to Pt/C catalyst but with rather low cost and rich sources, is believed to be a promising alternative nonprecious metal-based catalyst for ORR. The hydrothermal synthesis methods of VN open a new access to synthesize metal nitrides, which make the structure tailoring and performance modulation more feasible than traditional carbon-thermal synthesis methods. 
